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(57) ABSTRACT 
The present invention generally provides devices and meth 
ods involving electrochemical actuation. The devices may 
comprise at least one component capable of exhibiting a 
volumetric or dimensional change upon application of a volt 
age. In some cases, the volumetric or dimensional change 
may produce mechanical Work. Some embodiments of the 
invention may provide devices capable of exhibiting high 
actuation rates and supporting high amounts of stress (e. g., in 
tensile and/or compressive loading). In some embodiments, 
the present invention may provide morphing structures that 
may be useful in applications such as airfoils. 
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ELECTROCHEMICAL METHODS, DEVICES, 
AND STRUCTURES 

RELATED APPLICATIONS 

This application is a continuation-in-part application of 
US. patent application Ser. No. 11/150,477, ?led Jun. 13, 
2005, Which claims priority to US. Provisional Application 
Ser. No. 60/578,855, ?led Jun. 14, 2004, and US. Provisional 
Application Ser. No. 60/621,051, ?led Oct. 25, 2004, the 
contents of Which are incorporated herein by reference. This 
application also claims priority under 35 USC §119(e) to 
co-pending US. Provisional Application Ser. No. 60/795, 
328, ?led Apr. 26, 2006, the content of Which is incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention Was made With the support under the fol 
lowing government contract: W911W6-05-C-0013, aWarded 
by the US. Army. The government has certain rights in the 
invention. 

FIELD OF THE INVENTION 

The present invention provides devices, and related meth 
ods, involving electrochemical actuation. 

BACKGROUND OF THE INVENTION 

Actuation generally refers to a mechanism by Which an 
object, or portion of an object, can be adjusted or moved by 
converting energy (e. g., electric energy, chemical energy, 
etc.) into mechanical energy. Actuators may be categorized 
by the manner in Which energy is converted. For example, 
electrostatic actuators convert electrostatic forces into 
mechanical forces. 

PieZoelectric actuation provides high bandWidth and 
actuation authority but loW strain (much less than 1% typi 
cally), and requires high actuation voltages. Shape memory 
alloys (SMAs), magnetostrictors, and the neWly developed 
ferromagnetic shape-memory alloys (FSMAs) are capable of 
larger strain but produce sloWer responses, limiting their 
applicability. Actuation mechanisms that are based on ?eld 
induced domain motion (pieZos, FSMAs) also tend to have 
loW blocked stress. The above actuation methods are based on 
the use of active materials of high density (lead-based oxides, 
metal alloys), Which negatively impacts Weight-based ?gures 
of merit. Thus, there is a need for a technology capable of 
providing high actuation energy density, high actuation 
authority (stress), large free strain, and useful bandWidth. 

Certain methods of actuation using electrochemistry have 
previously been described, Wherein the load-bearing actua 
tion materials are in gaseous or liquid phase and may be 
expected to have loW elastic modulus and consequently loW 
actuation energy density and actuation stress, compared to the 
approach of the present invention. Despite the observation of 
displacement, mechanical Work has not been demonstrated. 

Accordingly, improved methods and devices are needed. 

SUMMARY OF THE INVENTION 

The present invention relates to articles comprising at least 
one electrochemical cell comprising an anode, a cathode, and 
an intercalation species, Wherein the electrochemical cell 
undergoes a volumetric or dimensional change upon the 
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2 
application of a voltage or current; and a structure including at 
least one portion constructed and arranged to be displaced 
from a ?rst orientation to a second orientation so as to impart 
a different ?uid dynamic property to the structure by the 
volumetric or dimensional change of the at least one electro 
chemical cell. 
The present invention also provides methods comprising 

operating an electrochemical cell comprising a negative elec 
trode, a positive electrode, a nonaqueous electrolyte, and 
lithium as an intercalation species, Wherein the positive elec 
trode has an average equilibrium potential With respect to 
metallic lithium over the state of charge of its use that is less 
than about +4V, and the negative electrode has an average 
equilibrium potential With respect to metallic lithium over the 
state of charge of its use that is greater than about +0.2V, 
Wherein the electrochemical cell is in operative relationship 
With a component that can be displaced from a ?rst orienta 
tion to a second orientation, and Wherein operation of the 
electrochemical cell causes a volumetric or dimensional 

change of the electrochemical cell. 
The present invention also relates to articles comprising a 

?rst and a second electrochemical cell con?gured in an 
antagonistic arrangement relative to one another, such that 
discharge of the ?rst cell results in charging of the second cell, 
and discharge of the second cell results in charging of the ?rst 
cell; and a component constructed and arranged to be dis 
placed from a ?rst orientation to a second orientation by 
charge and/or discharge of at least one of the ?rst and second 
electrochemical cells. 
The present invention also relates to articles comprising an 

electrochemical cell comprising an anode comprised of a ?rst 
material and a cathode comprised of a second material, 
Wherein the anode and cathode are constructed and arranged 
such that during a cycle in Which one of the electrodes 
expands at least 1% by volume, the other electrode does not 
substantially contract; and a component constructed and 
arranged to be displaced from a ?rst orientation to a second 
orientation by charge and/or discharge of the electrochemical 
cell. 
The present invention also relates inorganic structures con 

structed and arranged to be actuated during use from a ?rst 
orientation to a second orientation providing different aero 
dynamic effects in the ?rst and second orientations, Wherein 
the structure is actuated by an electrochemical actuator With 
out movement of immediately adjacent macroscopic compo 
nents of the structure relative to one another. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a morphing structure, Wherein the structure is 
a blade of a helicopter, according to one embodiment of the 
invention. 

FIG. 2 shoWs an airfoil having a blade Which exhibits a 9 
degree linear tWist When displaced, and the (a) induced 
poWer, (b) pro?le poWer and (2) total poWer for both a blade 
and a morphed blade. 

FIG. 3A shoWs a schematic representation of a morphing 
blade. 

FIG. 3B shoWs a photograph of the blade prototype. 
FIG. 4 shoWs a graph of poWer factor as a function of 

density for various materials. 
FIG. 5 shoWs a graph of strain versus Li concentration x of 

the intercalation compound LixTiS2. 
FIG. 6 shoWs a graph comparing the poWer density against 

the speci?c poWer of different materials. 
FIG. 7 shoWs the creep-corrected actuator curves, With 

torque measured as a function of ?ap de?ection after (a) Zero 
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charge, (b) 3 min, (c) 6 min, (d) 9 min, (e) 12 min, (f) 15 min, 
(g) full charge, With the (h) FE model and (i) aero loads shown 
as Well, for a morphing blade. 

Other aspects, embodiments and features of the invention 
Will become apparent from the following detailed description 
When considered in conjunction With the accompanying 
draWings. The accompanying ?gures are schematic and are 
not intended to be draWn to scale. For purposes of clarity, not 
every component is labeled in every ?gure, nor is every com 
ponent of each embodiment of the invention shoWn Where 
illustration is not necessary to alloW those of ordinary skill in 
the art to understand the invention. All patent applications and 
patents incorporated herein by reference are incorporated by 
reference in their entirety. In case of con?ict, the present 
speci?cation, including de?nitions, Will control. 

DETAILED DESCRIPTION 

The present invention generally provides devices and 
methods involving electrochemical actuation. 

In some cases, the devices (e.g., actuators) may comprise at 
least one component, Wherein application of a voltage or 
current to the component may generate a volumetric or 
dimensional change of the component. In some cases, the a 
volumetric or dimensional change may produce mechanical 
Work. In some embodiments, the device may comprise an 
intercalation species associated With one or more components 
(e.g., electrodes) during operation of the device. As used 
herein, the term “intercalation species” refers to a species, 
typically an ion, capable of inserting into one or more com 
ponents of the device. Some embodiments of the invention 
may involve insertion of an intercalation species in one or 
more electrodes of the device, generating a volumetric or 
dimensional change in the electrode. Devices of the invention 
may exhibit high actuation rates and/ or the ability to support 
high amounts of stress (e.g., in tensile and/or compressive 
loading). 

For example, a device of the invention may comprise an 
anode, cathode, and lithium ions as the intercalation species. 
Upon application of an electric ?eld betWeen the anode and 
the cathode, the device may be reversibly charged and dis 
charged. In some cases, upon charging, the lithium ions may 
insert into the anode such that the anode undergoes a volu 
metric or dimensional change relative to the cathode, Which 
remains essentially unchanged in volume or dimension. Upon 
discharging, the lithium ions may be transported from the 
anode to the cathode such that the lithium ions are inserted 
into the cathode. As a result, the anode may return to its 
volume/ shape prior to charging, and the cathode may undergo 
a volumetric or dimensional change relative to the anode. In 
some cases, both the anode and cathode, either simulta 
neously or non-simultaneously, may undergo a volumetric or 
dimensional change upon charge/ discharge cycling. In some 
cases, only one of the anode and cathode may undergo a 
volumetric or dimensional change upon charge/discharge 
cycling. 

In some embodiments, the present invention provides an 
electrochemical actuator comprising at least one electro 
chemical cell including an anode, a cathode, and an interca 
lation species (e. g., lithium), Wherein the electrochemical cell 
undergoes a volumetric or dimensional change upon the 
application of a voltage or current. The electrochemical 
actuator may comprise, for instance, greater than 2, greater 
than 4, greater than 10, greater than 20, or greater than 50 such 
electrochemical cells (Which can be operated in series or 
parallel). The electrochemical actuator also comprises a 
structure including at least one portion constructed and 
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4 
arranged to be displaced from a ?rst orientation to a second 
orientation, e. g., by the volumetric or dimensional change of 
the one, orplurality of electrochemical cells. As the portion of 
the structure is displaced, mechanical Work is produced. In 
some cases, this mechanical Work imparts a different ?uid 
dynamic property to the structure. As used herein, a “?uid 
dynamic property” refers to a property of a ?uid (e.g., liquid, 
gas) in motion. Fluid dynamic properties may be used to 
describe, for example, the velocity, pressure, density, tem 
perature, and/or other property of a ?uid, or article associated 
With the ?uid, as functions of space and time. Examples of 
?uid dynamic properties include aerodynamics (e.g., gases in 
motion) and hydrodynamics (e.g., liquids in motion). Fluid 
dynamic properties may be useful in describing a character 
istic of an article in contact With the ?uid, such as the move 
ment and/or displacement of the article Within the ?uid, or 
other characteristics of the ?uid and/ or article associated With 
the ?uid. For example, a ?uid dynamic property may be used 
to describe a property of an aircraft, a Wing or propeller of the 
aircraft, a boat, or a propeller of the boat. 
As used herein, a “volumetric or dimensional change” 

refers to the expansion, contraction, and/or other displace 
ment of a component or portion of a component of the device. 
The volumetric or dimensional change may comprise one or 
more amounts of expansion, contraction, elongation, short 
ening, tWisting, bending, shearing, or other displacement in 
one or more dimensions. In some cases, the volumetric or 

dimensional change may be isotropic. In some cases, the 
volumetric or dimensional change may be anisotropic. Such 
changes may be employed for mechanical Work, i.e., actua 
tion. The devices may undergo any range of volumetric or 
dimensional changes that may be suitable for a particular 
application. 
As discussed in more detail beloW, a variety of structures 

can be actuated by the volumetric or dimensional change of 
an electrochemical cell. For example, devices of the invention 
may be useful in a morphing structure. As used herein, a 
“morphing structure” refers to a structure capable of under 
going a change (e.g., a reversible change) in at least one 
dimension of one or more portions of the structure, for 
example, upon charge or discharge of an electrochemical cell. 
In one embodiment, the structure is a blade of a helicopter, 
e.g., as shoWn in FIG. 1. In one instance, at least a portion of 
the blade may be displaced from a ?rst, neutral orientation to 
a second, loW-tWisted orientation to change the aerodynamic 
property of the blade during forWard ?ight of the helicopter. 
In another instance, the volumetric or dimensional change of 
the at least one electrochemical cell may cause displacement 
of the structure from a ?rst, loW-tWisted orientation to a 
second, high-tWisted orientation, Which can cause the heli 
copter to have a more uniform in-?oW. This can be useful for 
reducing the required poWer to operate the vehicle, e. g., dur 
ing hovering. 
An example of a blade that can be actuated electrochemi 

cally is shoWn in FIG. 3A. As shoWn in the embodiment 
illustrated in FIG. 3A, blade 1010 includes a plurality of 
electrochemical cells 1020 that can undergo a volumetric or 
dimensional change upon application of a voltage or a cur 
rent. The electrochemical cells can be connected in series or 
in parallel, and can be in operative relationship With a differ 
ent portion of the structure, e.g., trailing edge 1030. The 
trailing edge can be displaced, for example, from a ?rst ori 
entation 1035 to a second orientation 1037. In one embodi 
ment, the electrochemical cells are in operative relationship 
With trailing edge 1030 through one or more push rods With 
steel ?extures 1040. Upon expansion and/or a dimensional 
change of electrochemical cells 1020 in the direction of arroW 
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1050, the push rods can push reaction ribs 1060 also in the 
direction of arrow 1050, Which can cause the de?ection of 
trailing edge 1030 to a different orientation. Similarly, con 
traction and/ or a dimensional change of the electrochemical 
cells in the opposite direction can cause the trailing edge to 
de?ect in the opposite direction. The de?ection of the trailing 
edge can occur through a hinged mechanism 1070 in some 
embodiments. In other embodiments, hoWever, a non-hinged 
mechanism can cause displacement of the trailing edge. For 
instance, in one embodiment, instead of using a push rod 
mechanism, middle portion 1065 of the blade may comprise 
at least ?rst and second material compositions that respond 
differently to the expansion or contraction of the electro 
chemical cells. The ?rst and second material compositions of 
portion 1065 may be constructed and arranged such that the 
?rst material has a higher elastic modulus and/ or strain, such 
that it undergoes a larger degree of displacement relative to 
the second material during displacement of the electrochemi 
cal cell in the direction of arroW 1050. This can result in the 
bending of the trailing edge from a ?rst to a second orienta 
tion. Similarly, contraction of the electrochemical cells in the 
direction of arroW 1051 can cause a larger degree of displace 
ment of one of the material compositions relative to the other, 
Which can cause bending of the trailing edge, e.g., from the 
second to the ?rst position. Accordingly, When a force is 
applied from the electrochemical cell, materials that form 
middle portion 1065 can undergo a change in shape or orien 
tation in a reproducible and set manner. Those of ordinary 
skill in the art knoW Which materials that can alloW transfer of 
force When a force is applied to such a material, as Well as hoW 
such materials are constructed and arranged in a structure to 
obtain actuation. 

Accordingly, in some embodiments, at least a portion of a 
structure can be displaced Without movement of immediately 
adjacent macroscopic portions of the structure relative to one 
another. For example, in one particular embodiment, an inor 
ganic structure is constructed and arranged to be actuated 
during use from a ?rst orientation to a second orientation 
providing different ?uid dynamic effects in the ?rst and sec 
ond orientations, Wherein the structure is actuated by an elec 
trochemical actuator Without movement of immediately adja 
cent macroscopic components of the structure relative to one 
another. Without movement of immediately adjacent macro 
scopic portions of the structure relative to one another means 
that With an unaided eye, one cannot discern movement of one 
macroscopic portion distinctly from another immediately 
adjacent macroscopic portion of the structure. For example, 
such structures can include a portion that can be displaced by 
a continual change in shape of the structure, e. g., through 
bending, tWisting, elongating, or contracting of the structure. 
In some cases, the ability of a structure to change shape or 
displace may change as a function of the length of the struc 
ture. For instance, as shoWn in the embodiment illustrated in 
FIG. 2, airfoil 1100 is a blade With 9 degree linear tWist that 
When morphed (e.g., displaced) has an improved hover ?gure 
of merit by 1% With respect to a 13 degree linear tWist blade 
that is not able to morph, While having relatively unchanged 
forWard ?ight performance compared to the 13 degree linear 
tWist blade. On the other hand, hinged structures are examples 
of structures that do displace With movement of immediately 
adjacent macroscopic portions of the structure relative to one 
another. In other embodiments, displacement is relative to 
non-immediately adjacent macroscopic portions, e. g., at least 
a portion of a structure can be displaced Without movement of 
macroscopic portions of the structure relative to one another. 
As used herein, a component “constructed and arranged to 

be displaced” refers to a component that may produce or alter 
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6 
a ?uid dynamic property of the component, i.e., through 
displacement (e.g., actuation) of at least a portion of the 
component, Which affects the performance of the component 
or structure associated With the component in its intended 
purpose. Those of ordinary skill in the art Would understand 
the meaning of this term. For example, a structure may com 
prise a component, Wherein the component may be con 
structed and arranged to propel and/ or support the structure in 
motion. In an illustrative embodiment, a propeller of an air 
craft may be constructed and arranged on the aircraft such that 
motion or other displacement of the propeller affects the 
performance of the aircraft. 

Several different structures can be actuated by an electro 
chemical cell described herein. For example, in some 
embodiments, the structure may be a Wing, a canard, a fuse 
lage, a tail, an aileron, a ?n, a rudder, an elevator, a ?ap, a pipe, 
a propeller, a mirror, an optical element, or a combination 
thereof. Additionally or alternatively, the structure be part of 
an aircraft, a missile, a spacecraft, a Worm, a robot or a 
satellite. In other embodiments, the structure may be an 
engine, a motor, a valve, a regulator, a pump, a ?oW control 
device, a rotor, or a combination thereof. In embodiments in 
Which the structure is designed to move in Water, the structure 
may be a part of a boat, a hydrofoil, a ship, a submarine or a 
torpedo. For example, the structure may be a blade, a rudder, 
a ?n, a pipe, a propeller, an optical element, or a combination 
thereof. In another embodiment, the structure may be an 
engine, a motor, a valve, a regulator, a pump, a ?oW control 
device, a rotor, a sWitch or a combination thereof. 

Advantageously, displacement of a structure, or a portion 
of a structure, can be achieved through a variety of methods, 
e.g., bending, twisting, elongating, and contracting, Which 
can be altered by, for example, changing the positioning of the 
electrochemical cell in relation to the structure to be dis 
placed, the shape of the structure, any materials in operative 
relationship betWeen the cell and the structure, and/or the 
material compositions of the components. Additionally, the 
degree of displacement of a structure, or a portion of a struc 
ture, can be tailored toWards the particular application. For 
example, in some embodiments, electrochemical cells of the 
invention can cause displacement of a structure, or a portion 
of a structure, of, e.g., greater than 5 degrees, greater than 10 
degrees, greater than 20 degrees, greater than 30 degrees, or 
greater than 40 degrees. Depending on the particular applica 
tion, in other embodiments, electrochemical cells can cause 
displacement of, e.g., greater than 1 cm, greater than 10 cm, 
greater than 20 cm, greater than 50 cm, or greater than 1 m. In 
an illustrative embodiment, the structure may be a Wing of an 
aircraft, such that a change in the overall shape of a Wing (e. g., 
bending, tWisting, etc.) may generate a change in the Wing 
sWeep of the aircraft. 
The electrochemical cells, and components thereof, may 

be arranged in various con?gurations. In some cases, compo 
nents of the electrochemical cell (e.g., anode, cathode, elec 
trolyte) may be arranged as layers in a stacked con?guration. 
The layers may be thin ?lms, for example. In one embodi 
ment, an electrolyte layer, or other inert or insulating layers, 
may be positioned betWeen (e.g., may separate) an anode 
layer and a cathode layer. In some cases, a plurality of discrete 
electrodes may be arranged in a sequentially stacked con?gu 
ration, With one or more separator materials positioned to 
separate each electrode. For example, a separator material 
may be continuously Wound around the electrodes. In some 
cases, components of the electrochemical cell may be 
arranged as a stack of layers rolled into a furled con?guration, 
such that, upon application of a voltage to the layers, the 
components may unWind or Wind, producing rotary motion. 
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The components may also be arranged as ?bers to produce a 
twisting motion. In some cases, components of the electro 
chemical cell may be arranged as concentric layers of a cylin 
drical structure (e.g., ?ber, tube). 
One or more electrochemical cells may be arranged, 

optionally in combination With one or more components, to 
achieve displacement of a structure, or a portion of a struc 
ture. In some cases, electrochemical cells having different 
actuation abilities may be arranged on a surface in a pattern, 
Wherein each electrochemical cell is independently con 
trolled. Other con?gurations of cells, components, and/or 
devices may be used in the context of the invention, as 
described in, for example, U.S. Patent Publication No. 2006/ 
0102455, Which is based on Us. patent application Ser. No. 
11/150,477, and International Publication No. WO2005/ 
124918, Which is based on International Application Serial 
No. PCT/US/2005/020554, both of Which are incorporated 
herein by reference. 

Considerations for the design of loW voltage, long-life 
electrochemical actuators are noW described. In some 

embodiments, the design of a loW voltage, long-life electro 
chemical actuator includes certain operating criteria. In one 
embodiment, a method of operating an electrochemical cell 
comprising a negative electrode, a positive electrode, a non 
aqueous electrolyte, and lithium as an intercalation species is 
provided. The electrochemical cell can be operated such that 
the positive electrode has an average equilibrium potential (or 
open-circuit voltage (OCV)) With respect to metallic lithium 
over the state of charge of its use that is less than about +4V. 
The negative electrode can have an average potential With 
respect to metallic lithium over the state of charge of its use 
that is greater than about +0.2V. The electrochemical cell may 
be in operative relationship With a component that can be 
displaced from a ?rst orientation to a second orientation. 
Operation of the electrochemical cell can cause a volumetric 
or dimensional change of the electrochemical cell. Upon 
application of a voltage of less than about 10V to the electro 
chemical cell, the component can be displaced from the ?rst 
orientation to the second orientation from the volumetric or 
dimensional change of the electrochemical cell. 
As described in more detail beloW, too high of a potential at 

the positive electrode can result in electrochemical corrosion 
of the current collector and/or active materials at the positive 
electrode. In some cases, the high potential can also cause 
degradation of nonaqueous electrolytes or salts, Which can 
result in loss of electrolyte conductivity and/or undesirable 
side effects Within the cell. As such, certain electrochemical 
cells of the invention can be operated to have an average 
equilibrium potential over the state-of-charge of the cell of 
less than about +4V, less than about +3.5V, less than about 
+3.0V or less than about +2.5V. 

Also described beloW, too loW of an average equilibrium 
potential (e. g., With respect to metallic lithium over the state 
of charge of its use) can cause negative affects such as elec 
trochemical corrosion of the negative electrode current col 
lector or the deposition of lithium metal. Accordingly, elec 
trochemical cells may be operated such that the negative 
electrode has an average equilibrium potential of greater than 
about +0.2V, greater than about +0.5V, greater than about 
+1.0V, or greater than about +1.5V. Depending on the par 
ticular electrochemical cell, a maximum and a minimum 
range of average equilibrium potential of the positive and 
negative electrodes, respectively, can be chosen. For instance, 
in one embodiment, the positive electrode has an average 
equilibrium potential of less than about +3.5V and the nega 
tive electrode has an average equilibrium potential of greater 
than about +0.5V. In another embodiment, the positive elec 
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8 
trode has an average equilibrium potential of less than about 
+3.5V and the negative electrode has an average equilibrium 
potential of greater than about +1 .0V. In yet another embodi 
ment, the positive electrode has an average equilibrium 
potential of less than about +3.5V and the negative electrode 
has an average equilibrium potential of greater than about 
+1 .5V. In yet another embodiment, the positive electrode has 
an average equilibrium potential of less than about +3.0V and 
the negative electrode has an average equilibrium potential of 
greater than about +0.5V. Of course, other ranges of average 
equilibrium potential for the positive and negative electrodes 
can be chosen. 

In certain embodiments, operating an electrochemical cell 
can involve applying a voltage of less than about 10V to the 
electrochemical cell and, from the volumetric or dimensional 
change of the electrochemical cell, displacing the component 
from a ?rst orientation to a second orientation. As discussed 
in more detail beloW, the applied voltage (i.e., the operating 
voltage) is generally loW so as to increase the cycle life of the 
electrochemical actuator. Accordingly, operating an electro 
chemical cell may include applying a voltage of less than 
about 10V, less than about 8V, less than about 7.5V, less than 
about 6V, less than about 5V, or less than about 4V. It should 
be understood, hoWever, that for certain periods requiring 
high poWer actuation over short time durations, applied volt 
ages may be higher than the steady-state voltage applied. 
Accordingly, greater than 95% of the operating life of an 
electrochemical cell may be operated With an applied voltage 
of less than about 10V, less than about 8V, less than about 
7.5V, less than about 6V, less than about 5V, or less than about 
4V. In other instances, greater than 90%, greater than 80%, 
greater than 70%, greater than 60%, or greater than 50% of 
the operating life of the electrochemical cell may be operated 
at such voltages. 
The folloWing considerations for the design of loW voltage, 

long-life electrochemical actuators are described speci?cally 
for the design of nonaqueous electrolyte lithium electro 
chemical cells. HoWever, is should be understood that the 
principals can also be applied to any electrochemical cell used 
as an actuator. 

The driving force for transport of ionic species in an elec 
trochemical cell used as an actuator is the overpotential (dur 
ing charging) or underpotential (during discharging), the 
overpotential and underpotential being, respectively, the 
magnitude of the applied voltage over and under the equilib 
rium or rest or open-circuit voltage (OCV) of the cell at a 
particular state of charge. The OCV as a function of state of 
charge can be readily determined by those of ordinary skill in 
the art if the potential vs. x (concentration) of each compound 
is knoWn, and if cell parameters such as the ratio of cathode to 
anode material and the degree of irreversible loss of the ionic 
species during cycling are knoWn. For example, LiCoO2 
graphite cells have an OCV that varies continuously With 
state of charge betWeen about 3.9V and about 3V, While 
LiFePO4-graphite cells have a nearly constant voltage of 
about 3.3V over a Wide state of charge. 

For high rate of actuation, it is desirable to have a large 
overpotential during charge and large underpotential during 
discharge. On the other hand, it is also recogniZed herein that 
the range of potentials applied to an electrochemical cell can 
in?uence the performance and life of the cell, especially over 
many charge/ discharge cycles, for several reasons. At the 
high end of the operating voltage range, it is recogniZed that 
too high a potential can cause electrochemical corrosion of 
the current collector (such as aluminum) or active materials at 
the positive electrode, or degradation of nonaqeuous electro 
lytes or salts. This can result in loss of electrolyte conductivity 
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or undesirable side effects such as formation of gas Within the 
cell. At the loW end of the operating voltage, too loW a poten 
tial can cause electrochemical corrosion of the negative elec 
trode current collector (such as copper) or the deposition of 
lithium metal, the latter occurring if the potential at the nega 
tive electrode reaches that at Which metallic lithium is stable. 
Thus, for high rate of actuation, as Well as for stability and 
long life in a nonaqueous lithium electrochemical cell used 
for actuation, it is desirable to have a relatively loW OCV such 
that a high overpotential can be applied during charge Without 
reaching stability limits of the electrolyte system or positive 
current collector. HoWever, the loW OCV should not be too 
loW; otherWise, a high underpotential applied during dis 
charge may reach potentials at Which anode current collectors 
(such as copper) dissolve, or this may cause metallic lithium 
may be plated. The selection of active materials for the posi 
tive and negative electrodes meeting these criteria is impor 
tant, as it is desirable to provide high actuation energy and 
poWer in electrochemical cells of the invention. 

In some embodiments, it is desirable to have a positive 
electrode material With both high rate and high strain, and an 
OCV measured With respect to metallic lithium that is less 
than about 4V. In other embodiments, the OCV measured 
With respect to lithium is less than about 3 .5V, less than about 
3V, or less than about 2.5V. Non-limiting examples of such 
positive electrode materials include electrode compounds 
based on LiFePO4, TiS2, TaS2, and their alloys and compo 
sitionally modi?ed forms. In some cases, electrochemical 
cells include negative electrode materials With high poWer as 
Well as an OCV over the range of composition used that is at 
least +0.1V With respect to metallic lithium. In other cases, 
the OCV is at least +0.5V or more. For example, graphite can 
be a suitable material When used With a positive electrode 
material such that the net strain is substantial. Another suit 
able material includes LixTiO2 spinel, e.g., the starting com 
position Li4Ti5O12, Which upon lithiation has a nearly con 
stant potential of about 1.57V With respect to metallic lithium 
over a Wide range of lithium compositions and nearly Zero 
volume change. Accordingly, this alloWs the volume change 
at the positive electrode to be used for actuation. In some 
embodiments, electrochemical cells based on such combina 
tions of positive and negative electrode materials have cell 
OCVs typically less than about 3.5V. Of course, it is possible 
to have a cell voltage that varies betWeen positive and nega 
tive values as the cell is charged or discharged, While main 
taining throughout the above described conditions of a posi 
tive electrode potential that is not too high and a negative 
electrode potential that is not too loW With respect to metallic 
lithium. 
When such a cell is used for electrochemical actuation, the 

overpotential and underpotential applied can result in a charg 
ing voltage that is above, and a discharging voltage that is 
beloW, the cell OCV. HoWever, generally, the absolute value 
of the operating voltage of the cell remains loW. For example, 
the absolute value of the operating voltage may be less than 
about 10V, less than 7.5V, less than 5V, or less than about 
3.5V. It should be noted that for high poWer actuation over 
short time duration, the applied voltages can be of a pulsed 
nature and can safely be signi?cantly higher than the steady 
state voltage that Would normally result in electrochemical 
damage to such cells. HoWever, for operation of electro 
chemical cells under conditions Where the cell’s voltage is 
maintained, to obtain long life, the applied voltage may result 
in a potential at the positive electrode that is less than about 
5V, less than about 4.5V, or less than 4V, With respect to 
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10 
metallic lithium. This can be permitted by the use of positive 
electrode materials based on compounds such as LiFePO4, 
LiTiS2, and LiTaS2. 

Selection criteria for high mechanical energy density, high 
poWer electrochemical actuation compounds are noW 
described. The theoretical mechanical energy density of 
actuation compounds is given by the equation 1/2 E62, Where 
E is the elastic modulus and is the strain that can be induced 
under particular operating conditions. Thus, materials of high 
strain and high elastic modulus have the potential for provid 
ing higher energy density in electrochemical cells of the 
invention. 

With respect to electrochemical actuators, it is recogniZed 
herein that the strain obtained is not necessarily linear With 
the concentration of intercalating or alloying species in the 
electrochemical cell. For example, FIG. 5 shoWs the strain vs. 
Li concentration x of the intercalation compound LixTiS2. As 
shoWn in the embodiment illustrated in FIG. 5, the slope of 
this curve is steepest at loW Li concentrations. Accordingly, it 
is desirable When using LixTiS2 as an electrochemical actua 
tion compound, to operate over a range of x of about 0 to 0.4 
if it is desirable to obtain the most mechanical energy for a 
given electrical energy used to operate the actuator, and/ or to 
obtain the highest mechanical poWer from the actuator. The 
latter folloWs from the consideration that the amount of inter 
calated species x is the product of the electrical current and 
time, so that for a particular operating current, faster actuation 
is obtained for compounds With a higher strain for a given 
value of x. 

It is also recogniZed that the mechanical poWer of electro 
chemical actuators depends on the rate capability (e.g., rate of 
charge or discharge) of the electrochemical cell. High rate 
capability is obtained by selecting electrolytes of high ionic 
conductivity and/or designing cells so that the ion or electron 
diffusion lengths are short. For a particle-based electrode, for 
example, a ?ne particle siZe is desirable in order to decrease 
the diffusion length, and accordingly, the diffusion time. 
The transport properties of materials is, therefore, also an 

important selection criterion for designing electrochemical 
actuators. In particular, the chemical diffusion coef?cient of 
the ionic species responsible for the volume change should be 
high. One embodiment of the invention identi?es a “poWer 
factor” that can be used as a ?gure of merit for comparing 
different materials, given by the equation 1/2 EeZD, Where D is 
the chemical diffusion coe?icient of the ionic species in the 
material of interest. FIG. 4 compares the poWer factor of 
different materials against their speci?c gravity. It is noted 
that materials of high poWer factor and loW speci?c gravity p 
can, all else being equal, provide higher speci?c poWer as an 
electrochemical actuator. For example, layered dichalco 
genides such as TiS2 and TaS2 may be particularly useful 
electrochemical actuation compounds according to these cri 
teria. 

The inventors have recogniZed that ?gures of merit of 
interest in the ?eld of actuation also include poWer density, 
Which is the mechanical poWer available per unit volume, and 
speci?c poWer, Which is the mechanical poWer available per 
unit mass. It is desirable to maximiZe the values of both in 
most actuation applications. It should be noted that the poWer 
density of electrochemical actuators requires consideration of 
the characteristic diffusion length that the ionic species are 
transported over during operation of the electrochemical 
actuator. While the transport length includes the length 
betWeen electrodes, through the porosity of the electrode, and 
across the separator, the rate of actuation does not exceed the 
time necessary for diffusional transport into the material 
itself. Thus, both the particle siZe (for a particle-based actua 
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tor) and the chemical diffusion coe?icient are important fac 
tors. To compare materials on a equal basis, assuming that 
materials can be processed to have similar particle siZes, the 
power density can be de?ned as the quantity 1/2 (Ee2DLi/x2), 
and the speci?c poWer as 1/2 (EeZXZp/DLZ), Where x is the 
particle dimension (e.g., radius or diameter). FIG. 4 compares 
the poWer density of different materials against their speci?c 
gravity, and FIG. 6 compares the poWer density against the 
speci?c poWer of different materials. From these selection 
criterion, suitable materials for electrochemical actuators can 
be chosen. For example, layered dichalcogenides such as TiS2 
and TaS2 can be particularly useful electrochemical actuation 
compounds. 

In one embodiment, electrochemical actuators of the 
invention utiliZe at least tWo (e.g., a ?rst and a second) elec 
trochemical actuators Working in concert such that as one is 
charged (e.g., in order to produce useful mechanical Work), 
the other is discharged, or vice versa. For example, an article 
may comprise a ?rst and a second electrochemical cell con 
?gured in an antagonistic arrangement relative to one another, 
such that discharge of the ?rst cell results in charging of the 
second cell, and discharge of the second cell results in charg 
ing of the ?rst cell. The article may also include a component 
constructed and arranged to be displaced from a ?rst orienta 
tion to a second orientation by charge and/ or discharge of at 
least one of the ?rst and second electrochemical cells. Of 
course, a structure including electrochemical cells that are 
con?gured in an antagonistic arrangement relative to one 
another can include a plurality of such sets of electrochemical 
cells, e.g., greater than 2, greater than 5, greater than 10, 
greater than 20 or greater than 50 pairs of electrochemical 
cells that are con?gured in an antagonistic arrangement. Such 
cells can be operated in series or in parallel relative to one 
another. 

Although pairs of opposed actuators have been used in 
active structures previously (for the reason that most actua 
tors Work better in tension than in compression or vice versa), 
there are additional bene?ts of such designs for use in the 
electrochemical actuators of the invention. Electrochemical 
actuators store or release electrical energy at the same time 
that they are performing mechanical Work, and if such elec 
trical energy is dissipated (e.g., in the form of heat by dissi 
pating the electrical energy through a resistor), the energy 
consumption of the actuator or system of actuators can be 
high. HoWever, by shuttling electrical energy betWeen actua 
tors so that as one is charged the other is discharged, electrical 
energy is largely conserved. Another bene?t of antagonistic 
electrochemical actuators, positioned so that each can exert a 
force on the other, is that the stress placed on the actuators can 
be controlled by charging or discharging one or both of the 
opposed actuators. For example, this arrangement can alloW 
the prestress on the actuators to be controlled to optimiZe 
actuation force, creep, and/or the compliance of the actuator. 
Yet another bene?t is that the positioning accuracy of the 
actuator is improved When opposing actuators can be inde 
pendently charged or discharged. 

Typical electrochemical cells include an electrode (e.g., an 
anode) that expands While the other (e.g., the cathode) con 
tracts during charge, or vice-versa during discharge, in other 
to reduce the amount of volume change in the cell. This can be 
advantageous for certain applications since loW volume 
change can, for example, reduce delamination of certain lay 
ers Within the cell. HoWever, in some embodiments of the 
invention, it is advantageous for both electrodes to expand 
during charge or discharge, or for one electrode to not con 
tract While the other expands. Advantageously, such con?gu 
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12 
rations alloW maximum energy to be used for actuation, 
instead of being Wasted in counteracting the other electrode. 

Accordingly, another embodiment includes an electro 
chemical cell comprising an anode and a cathode that are 
constructed and arranged such that during a cycle in Which 
one of the electrodes expands at least 1% by volume, the other 
electrode does not substantially contract. In other embodi 
ments, one of the electrodes expands at least 0.5% by volume, 
at least 2% by volume, or at least 4% by volume, While the 
other electrode does not substantially contract. For instance, 
as one of the anode or cathode expands, the other can either 
expand, or may not change in volume. A component can be in 
operative relationship With such an electrochemical cell, and 
the component can be displaced from a ?rst orientation to a 
second orientation by charge and/or discharge of the electro 
chemical cell. This simultaneous expansion of the anode and 
cathode, or the expansion of one electrode While the other 
electrode does not contract, can be performed by using appro 
priate materials for the anode and cathode. 

In some cases, an electrode may spontaneously discharge 
an intercalation species (e.g., lithium), causing either an 
expansion or contraction of the electrode and/ or movement of 
one or more components of the device from a ?rst orientation 
to a second orientation. Electrode materials Which exhibit 
spontaneous discharge are knoWn in the art and may be 
advantageous in cases Where a particular “default” state of the 
device is desired, for example, in the event of an intentional or 
accidental short circuit of the electrochemical cell. 

Materials suitable for use as electrodes include electroac 
tive materials, such as metals, metal oxides, metal sul?des, 
metal nitrides, metal alloys, intermetallic compounds, other 
metal-containing compounds, other inorganic materials (e. g., 
carbon), and the like. In some cases, the electrodes may 
advantageously comprise materials having a high elastic 
modulus. In some cases, the material may be capable of 
undergoing a change in volume or other dimensions upon 
interaction With an intercalation species, as described herein. 
In some embodiments, the electrodes may comprise a mate 
rial comprising a crystal structure, such as a single crystal or 
a polycrystal. In some embodiments, the electrodes may com 
prise an amorphous or disordered material. 

In some cases, the material forming the anode comprises 
one or more of aluminum, silver, gold, boron, bismuth, gal 
lium, germanium, indium, lead, antimony, silicon, tin. In 
some embodiments, the material forming the anode may 
comprise Li Ti5Ol2 or any alloy or doped composition 
thereof. Examples of materials that can form the cathode 
include LiCoO2, LiFePO4, LiNiO2, LiMnO2, LiMn2O4, 
Li4Ti5O12, TiSi2, MoSi2, WSi2, TiS2, or TaS2, or any alloy or 
doped composition thereof. In some cases, the material form 
ing the cathode may comprise TiS2 or TaS2. In others embodi 
ments, the material forming the cathode can comprise 
LiMPO4, Where M is one or more ?rst-roW transition metals 
(e.g., Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn), or any alloy or 
doped composition thereof. In some cases, the cathode com 
prises carbon, Wherein the carbon may be in the form of 
graphite, a carbon ?ber structure, a glassy carbon structure, a 
highly oriented pyrolytic graphite, a disordered carbon struc 
ture, or a combination thereof. An electrochemical cell com 
prising such material compositions may be operated at a 
cathode potential described above, e.g., less than +4V With 
respect to the potential of metallic lithium. The anode poten 
tial may be selected from the potentials described above, e. g., 
greater than +0.5V With respect to the potential of metallic 
lithium. 

In some cases, the material forming the electrode may 
comprise intercalation compounds dispersed Within the 
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material. For example, the electrodes may comprise an 
amount of an intercalation species such that the electrode can 
serve as a source of the intercalation species Within the 
device. In some embodiments, a substrate or other supporting 
material may interact With an intercalation species to induce 
a volumetric or dimensional change. For example, a silicon 
Wafer, or other metal or metal-containing substrate may be 
lithiated such that a volumetric or dimensional change occurs 
upon charge/ discharge of the electrochemical cell. 

The materials for use in electrodes of the invention may be 
selected to exhibit certain properties upon interaction With an 
intercalation species (e.g., lithiation and de-lithiation). For 
example, the materials may be selected to exhibited a certain 
type or amount of volumetric or dimensional change (e.g., 
actuation) When used in an electrochemical cell as described 
herein. Those of those of ordinary skill Would be able to select 
such materials using simple screening tests. In some cases, 
the properties and/or behavior of a material may be knoWn, 
and one of ordinary skill in the art Would be able to select 
materials to suit a particular application based on, for 
example, the amount of volumetric change desired. For 
example, reversible lithium intercalation With phospho-oliv 
ines Li(Fe,Mn)PO4 is knoWn to produce volume changes of 
74-10%, based on the ratio of Fe/Mn, as described in A. 
Yamada et al., J. Electrochem. Soc., 148, A224 (2001). In 
some cases, materials may be screened by incorporating a 
material as an electrode Within an electrochemical cell and 
observing the behavior of the material upon charge and dis 
charge of the cell. 

In some cases, the electrode materials may be selected 
based on the ability of a material to interact With an interca 
lation species. For example, Where lithium is the intercalation 
species, a material may be selected based on its ability to 
rapidly and/or reversibly accept lithium ions (e.g., be lithi 
ated) and/or donate lithium ions (e.g., be de-lithiated) upon 
charging/ discharging. Also, the corresponding strain associ 
ated With reversible interaction of the intercalation species 
With the material may be determined by knowing the rate of 
ion transport into the material. Such determinations may be 
tested experimentally or made theoretically using tabulated 
or estimated values of properties such as ion diffusion coef 
?cients, ionic and electronic conductivities, and surface reac 
tion rate coe?icients. Those of ordinary skill in the art Would 
be able to use this information to select appropriate materials 
for use as electrodes. 

Electrodes may be fabricated by methods knoWn in the art. 
In one embodiment, the electrode materials may be cast from 
poWder-based suspensions containing a polymer binder and/ 
or a conductive additive such as carbon. The suspension may 
be calendered (e.g., rolled) under high pressure (e. g., several 
tons per linear inch) to form densely compacted layers having 
a desired volume percentage of active material. 

Materials suitable for use as an electrolyte include materi 
als capable of functioning as a medium for the storage and 
transport of ions, and in some cases, as a separator betWeen 
the anode and the cathode. Any liquid, solid, or gel material 
capable of storing and transporting ions may be used, so long 
as the material is electrochemically and chemically unreac 
tive With respect to the anode and the cathode, and the mate 
rial facilitates the transport of ions (e.g., lithium ions) 
betWeen the anode and the cathode. The electrolyte may be 
electronically non-conductive to prevent short circuiting 
betWeen the anode and the cathode. 

The electrolyte can comprise one or more ionic electrolyte 
salts to provide ionic conductivity and one or more liquid 
electrolyte solvents, gel polymer materials, or polymer mate 
rials. In some cases, the electrolyte may be a non-aqueous 
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14 
electrolyte. Suitable non-aqueous electrolytes may include 
organic electrolytes including liquid electrolytes, gel electro 
lytes, and solid electrolytes. Examples of non-aqueous elec 
trolytes are described by, for example, Dominey in Lithium 
Batteries, NeW Materials, Developments and Perspectives, 
Chapter 4, pp. 137-165, Elsevier, Amsterdam (1994), and 
Alamgir et al. in Lithium Batteries, NeW Materials, Develop 
ments and Perspectives, Chapter 3, pp. 93-136, Elsevier, 
Amsterdam (1994). Examples of non-aqueous liquid electro 
lyte solvents include, but are not limited to, non-aqueous 
organic solvents, such as, for example, N-methyl acetamide, 
acetonitrile, acetals, ketals, esters, carbonates, sulfones, 
sul?tes, sulfolanes, aliphatic ethers, cyclic ethers, glymes, 
polyethers, phosphate esters, siloxanes, dioxolanes, N-alky 
lpyrrolidones, substituted derivatives thereof (e.g., haloge 
nated derivatives thereof), and combinations thereof. 
The intercalation species may be any species capable of 

interaction (e.g., reversible interaction) With one or more 
electrodes as described herein. In some cases, the intercala 
tion may be inserted into a component upon charge or dis 
charge to produce a volumetric or dimensional change in the 
component. In some embodiments, the intercalation species 
may be an ion, such as a proton, an alkali metal, or an alkaline 
earth metal. For example, the intercalation species may be a 
lithium, sodium, potassium, rubidium, cesium, francium, 
beryllium, magnesium, calcium, strontium, barium, or 
radium ion. In some embodiments, the intercalation species is 
a lithium ion. 

In some embodiments, electrochemical cells may further 
comprise a separator material (e.g., layer) positioned Within 
the device, for example, betWeen the cathode and anode. The 
separator may be a material Which separates or insulates the 
anode and the cathode from each other preventing short cir 
cuiting, and Which permits the transport of ions betWeen the 
anode and the cathode. Materials suitable for use as separator 
materials include materials having a high elastic modulus 
and/or high stiffness (e.g., rigidity), materials Which are elec 
tronically insulating, and/or materials having suf?cient 
mechanical strength to Withstand high pressure, Weight, and/ 
or strain (e.g., load) Without loss of function. In some cases, 
the separator layer may be porous. Examples of separator 
materials include glass, ceramics, a silicate ceramic, cordier 
ite, aluminum oxide, aluminosilicates, or other mixed-metal 
oxides or nitrides or carbides that are electronically insulat 
ing. In some cases, the separator layer may comprise a poly 
meric material. Separator layers comprising, for example, 
elastomeric materials, may be useful in alloWing shearing 
motions betWeen one or more components. 

In one embodiment, the porous separator material may be 
cast as a particulate or slurry layer on the surfaces of one or 
both electrodes prior to assembly of the layers, using methods 
knoWn to those of ordinary skill in the art of ceramic process 
ing or coating technology, such as spray deposition, doctor 
blade coating, screen printing, Web coating, comma-reverse 
coating, or slot-die coating. 

Devices of the invention may further comprise additional 
components to suit a particular application. For example, 
devices of the invention may comprise a poWer supply, cur 
rent collector, such as a current collector comprising a con 
ductive material, external packaging layers, separator layers, 
and the like. The packaging layer may comprise an electro 
chemically insulating material or other protective material. 
The devices may be optionally pretreated or processed 

prior to use as a morphing structure. Pretreatment of the 
devices may enhance the mechanical performance, stiffness, 
actuation energy density, actuation strain, reversibility, and/ 
or lifetime of the devices, and/or may reduce creep deforma 
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tion and hysteresis of strain. In some cases, the devices, or one 
or more components thereof, may be subjected to hydrostatic 
pressure and/or uniaxial stress to consolidate the materials 
and/ or components of the device, and/ or reduce the amount of 
free volume. In some embodiments, the applied pres sure may 
be 10,000 psi, 20,000 psi, 30,000 psi, 45,000 psi, or greater. It 
should be understood that any amount of applied pressure 
may be used to pretreat a device, such that internal failure of 
the device is prevented and/ or improvement of device perfor 
mance may be achieved. 

EXAMPLE 

The following example describes the use of a morphing 
structure Within a Wing, propeller, or blade, for example, for 
an aircraft (e.g., helicopter). 

In aircrafts such as helicopters, a blade or propeller may 
have an amount of built-in blade tWist. Often, highly tWisted 
blades may be e?icient in hover mode, but may have poor 
vibration performance in forWard ?ight mode. (FIG. 1) With 
out requiring high actuation bandWidths, an electrochemical 
morphing blade may readily attain a favorable shape for each 
?ight regime. For example, a morphing blade may be actuated 
betWeen a loW-tWisted blade to reduce vibration With respect 
to baseline blade and a high-tWisted blade (or other shape) to 
have more uniform in?oW and reduce required poWer. While 
inducing tWist on a torsional stiff blade typically requires a lot 
of energy, the use of a morphing blade may involve a slight 
de?ection of a relatively small portion of the blade, such as a 
trailing edge of the blade, by different amounts along the span 
of the blade. 
A prototype blade as shoWn in FIG. 3A Was constructed to 

have a linear de?ection variation using a discrete ?ap. An 
aluminum spar 1080 and steel ?exures 1040 Were machined 
by EDM, While a fairing Was made from Rohacell foam 31IG, 
covered by carbon ?ber veneer. The composite structure Was 
bonded With epoxy using a vacuum bag. The reaction ribs 
1060, closing member and ?ap Were then attached. Middle 
plate 1090 Was segmented in three parts to facilitate insertion/ 
removal of the plurality of electrochemical cells 1020. The 
plurality of electrochemical cells 1020 Were compressed 
betWeen tWo plates With the help of an Instron machine and 
Were forced into the spar 1080 opening in this condition. The 
pushrods Were then inserted through the sides of spar 1080 
and threaded at their ends. The plurality of electrochemical 
cells 1020 Were arranged to be in operative relationship With 
trailing edge 1030 through the push rods With steel ?extures 
1040. FIG. 3B shoWs a photograph of the blade prototype. 
The electrochemical cells Were reversibly charged and dis 

charged upon application of a voltage, and the reversible 
movement of trailing edge 1030 from a ?rst orientation to a 
second orientation Was observed. The displacement of trail 
ing edge 1030 (e.g., ?ap de?ection) under different constant 
loads Was measured using a laser, and the middle plate dis 
placement Was measured With an LVDT. FIG. 7 shoWs the 
creep-corrected actuator curves, With torque measured as a 
function of ?ap de?ection after (a) Zero charge, (b) 3 min, (c) 
6 min, (d) 9 min, (e) 12 min, (f) 15 min, (g) full charge, With 
the (h) FE model and (i) aero loads shoWn as Well, for the 
blade. While the measured values for energy density and free 
de?ection Were less than the values predicted by the model, 
the blade Was shoWn to successfully actuate. (Table 1) Other 
factors to consider in the design and manufacture of morphing 
structures include the elastic properties of the structure, the 
center of mass location, and the actuator behavior under the 
centrifugal forces. 
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TABLE 1 

Act-nation ofa blade structure. 

PROPERTIES TEST MODEL 

Free De?ection [deg] 8.5 11.6 
Stiffness [Nmm/mm/rad] 128.6 143.1 

While several embodiments of the present invention have 
been described and illustrated herein, those of ordinary skill 
in the art Will readily envision a variety of other means and/or 
structures for performing the functions and/or obtaining the 
results and/or one or more of the advantages described herein, 
and each of such variations and/or modi?cations is deemed to 
be Within the scope of the present invention. More generally, 
those skilled in the art Will readily appreciate that all param 
eters, dimensions, materials, and con?gurations described 
herein are meant to be exemplary and that the actual param 
eters, dimensions, materials, and/or con?gurations Will 
depend upon the speci?c application or applications for 
Which the teachings of the present invention is/are used. 
Those skilled in the art Will recogniZe, or be able to ascertain 
using no more than routine experimentation, many equiva 
lents to the speci?c embodiments of the invention described 
herein. It is, therefore, to be understood that the foregoing 
embodiments are presented by Way of example only and that, 
Within the scope of the appended claims and equivalents 
thereto, the invention may be practiced otherWise than as 
speci?cally described and claimed. The present invention is 
directed to each individual feature, system, article, material, 
kit, and/or method described herein. In addition, any combi 
nation of tWo or more such features, systems, articles, mate 
rials, kits, and/ or methods, if such features, systems, articles, 
materials, kits, and/or methods are not mutually inconsistent, 
is included Within the scope of the present invention. 
The inde?nite articles “a” and “an,” as used herein in the 

speci?cation and in the claims, unless clearly indicated to the 
contrary, should be understood to mean “at least one.” 
The phrase “and/ or,” as used herein in the speci?cation and 

in the claims, should be understood to mean “either or both” 
of the elements so conjoined, i.e., elements that are conjunc 
tively present in some cases and disjunctively present in other 
cases. Other elements may optionally be present other than 
the elements speci?cally identi?ed by the “and/or” clause, 
Whether related or unrelated to those elements speci?cally 
identi?ed unless clearly indicated to the contrary. Thus, as a 
non-limiting example, a reference to “A and/ or B,” When used 
in conjunction With open-ended language such as “compris 
ing” can refer, in one embodiment, to A Without B (optionally 
including elements other than B); in another embodiment, to 
B Without A (optionally including elements other than A); in 
yet another embodiment, to both A and B (optionally includ 
ing other elements); etc. 
As used herein in the speci?cation and in the claims, “or” 

should be understood to have the same meaning as “and/or” 
as de?ned above. For example, When separating items in a 
list, “or” or “and/or” shall be interpreted as being inclusive, 
i.e., the inclusion of at least one, but also including more than 
one, of a number or list of elements, and, optionally, addi 
tional unlisted items. Only terms clearly indicated to the 
contrary, such as “only one of’ or “exactly one of,” or, When 
used in the claims, “consisting of,” Will refer to the inclusion 
of exactly one element of a number or list of elements. In 
general, the term “or” as used herein shall only be interpreted 
as indicating exclusive alternatives (i.e. “one or the other but 
not both”) When preceded by terms of exclusivity, such as 
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“either, one of,” “only one of,” or “exactly one of.” “Con 
sisting essentially of,” When used in the claims, shall have its 
ordinary meaning as used in the ?eld of patent laW. 
As used herein in the speci?cation and in the claims, the 

phrase “at least one,” in reference to a list of one or more 
elements, should be understood to mean at least one element 
selected from any one or more of the elements in the list of 
elements, but not necessarily including at least one of each 
and every element speci?cally listed Within the list of ele 
ments and not excluding any combinations of elements in the 
list of elements. This de?nition also alloWs that elements may 
optionally be present other than the elements speci?cally 
identi?ed Within the list of elements to Which the phrase “at 
least one” refers, Whether related or unrelated to those ele 
ments speci?cally identi?ed. Thus, as a non-limiting 
example, “at least one of A and B” (or, equivalently, “at least 
one of A or B,” or, equivalently “at least one of A and/or B”) 
can refer, in one embodiment, to at least one, optionally 
including more than one, A, With no B present (and optionally 
including elements other than B); in another embodiment, to 
at least one, optionally including more than one, B, With no A 
present (and optionally including elements other than A); in 
yet another embodiment, to at least one, optionally including 
more than one, A, and at least one, optionally including more 
than one, B (and optionally including other elements); etc. 

In the claims, as Well as in the speci?cation above, all 
transitional phrases such as “comprising,” “including,” “car 
rying,” “having,” “containing,” “involving,” “holding,” and 
the like are to be understood to be open-ended, i.e., to mean 
including but not limited to. Only the transitional phrases 
“consisting of’ and “consisting essentially of” shall be closed 
or semi-closed transitional phrases, respectively, as set forth 
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in the United States Patent O?ice Manual of Patent Examin 
ing Procedures, Section 2111.03. 
What is claimed: 
1. An article, comprising: 
at least one electrochemical cell comprising an anode, a 

cathode, and an intercalation species, Wherein the elec 
trochemical cell undergoes a volumetric or dimensional 
change upon the application of a voltage or current; and 

a structure including at least one portion constructed and 
arranged to be displaced from a ?rst orientation to a 
second orientation so as to impart a different ?uid 
dynamic property to the structure by the volumetric or 
dimensional change of the at least one electrochemical 
cell. 

2. An article as in claim 1, Wherein the structure is an 
airfoil. 

3. An article as in claim 1, Wherein the structure is a hull. 
4. An article as in claim 1, Wherein the structure is a fuse 

lage. 
5. An article as in claim 1, Wherein the structure is a hydro 

foil. 
6. An article as in claim 1, Wherein the ?uid dynamic 

property is an aerodynamic property. 
7. An article as in claim 1, Wherein the at least one portion 

is displaced by a hinge. 
8. An article as in claim 1, Wherein the at least one portion 

is not displaced by a hinge. 
9. An article as in claim 1, Wherein the at least one portion 

is displaced Without movement of immediately adjacent mac 
roscopic portions of the structure relative to one another. 


